In this study, the effect of Mg content on friction stirred Al-Mg alloy is discussed, and the experimental results indicate that grains of parent plate which are refined through FSP (friction stir processing) are effective in enhancing tensile properties of materials through FSP and improving the vibration fracture resistance of friction stirred specimens. It should be noted that the deterioration of vibration fracture resistance can be recognized as Mg content increases, the grain size actually has been refined by FSP. From crack propagation result, an intergranular crack propagation feature can be recognized in the specimen with higher Mg content, and it is reasonable to suggest that the precipitation of phase plays an important role in the deterioration of vibration fracture resistance. However, all cross-sectioned microstructures at stir zone show that distinct finer grains which can be acquired by dynamic recrystallization during FSP. That meaningful improvement of uniform elongation on friction stirred specimens can be recognized is not only resulted from controlling the grain size factor, but also microstructural characteristics factor which are resulted from high temperature shear deformation.
Introduction
Grain refinement is very effective in improving mechanical properties, and ultra-fine grain (UFG) materials are explored in many studies. 1) These have been produced by an expanding variety of processing techniques, such as mechanical alloying, crystallization of amorphous precursors and severe plastic deformation. 2, 3) Both equal channel angular pressing (ECAP) and accumulative roll bonding (ARB) are potentially influential metal working process. However, grain refinement will occur after dynamical recovery and recrystallization. 4) Friction stir processing (FSP) is adopted in this study because of its grain refinement advantages. 5, 6) According to many previous reports, the friction stir zone possesses fine recrystallized grains resulted from severe plastic deformation. [4] [5] [6] With many outstanding properties, Al-Mg alloys are widely used in car body which always experience abnormal vibration. Particularly when the applied vibration frequency meets the resonance, severe fracture problem occurs. FSW is now an indispensable process for improving joining reliability of structural materials to acquire better vibration fracture resistance which resulted from grain refinement in various aluminum alloy. 5, 7) As well described by many previous reports, the effect of Mg content of Al-Mg alloy on mechanical properties has been explored. 8, 9) In general, the sample with higher amount of Mg content possess greater tensile deformation resistance, which can be ascribed to the interaction between dislocations and dissolved Mg. Waldron's report 10) indicates that the total dislocation density tends to increase rapidly as the solid solute Mg content raises up during tensile straining. Based on previous reports, it should be noted that the Al-Mg alloys also have great potential for refining the microstructure through deformation process and thus enhance better mechanical properties. As to the microstructural evolution, the effect of Mg content on microstructural feature through dynamic recrystallization in the stir zone is still not clarified. In the present study, the Al-Mg alloys with different Mg contents through FSP are focused to explore the vibration fracture resistance under resonant vibration.
Experimental Procedures
Samples containing 0.45, 2.58, and 4.31 mass% magnesium were prepared with different annealing conditions (0.45 mass% at 415 C, 2.58 and 4.31 mass% at 350 C for 2 h). A single pass FSP was performed (Fig. 1) as the tool rotation speed was set to be 2300 min À1 , the tool moving speed 160 mm min À1 , the tool angle 1.5 , and the downward push force 19.6 MPa. However, in the 0.45 mass% specimen, the downward push force was varied to 5 MPa. Chemical composition is as listed in Table 1 . In this study, the stirred specimen with lowest Mg content (0.45 mass%.) is designated as ''FSP-L'' hereafter, and the 2.58 mass% and 4.31 mass% as ''FSP-M'' and ''FSP-H'', respectively. Fig. 1 Schematic illustration of the friction stir process (FSP).
Moving Direction
Microstructural features of the specimens were examined by optical microscopy. To explore the Vickers hardness profile in the vicinity of the stir zone, the Vickers indenter was set to be a 100 gf load for 15 s. In the tensile test, in order to study the effects of the microstructural features and tensile properties, the strain rate was fixed at 8:3 Â 10 À4 s À1 , and the tensile specimen with 15 mm gauge in length and 3 mm in thickness was used. As indicated in Fig. 2 , the FSP specimens are longitudinal to the stir zone.
In the vibration test, the specimen is as illustrated in Fig. 3(a) : one end of the test specimen is clamped on a vibration shaker. Figure 3 (c) schematically depicts the specimen clamped on a vibration shaker under a specific resonant frequency which is shown in Fig. 3(b) . Figure 3 (c) also schematically depicts the vibration set-up. V notches adjacent to the clamp were designed to confine the resonance occurred at the stir zone. Deflection of the specimen at the other end opposite to the vibration shaker was measured by a deflection sensor. In order to determine the resonance frequency which leaded to the largest deflection, the vibration frequency was scanned continuously as shown in Fig. 3(b) .
In the test of constant deflection, the resonant frequencies for the specimens with higher amount of Mg content were detected as 41 AE 1 Hz, however, in the FSP-L, the resonant frequencies were slightly shifted to 36 AE 1 Hz. Figure 4 (a) shows a typical metallography of 2.5 Mg annealed parent plate. Figures 4(b) , (c), and (d) illustrate a comparatively fine equiaxed grain structure in the stir zone of FSP specimen. As indicated in Table 2 , the effect of Mg content on the average grain size on the stir zone is that the average grain size tends to decrease as Mg content increases. Microstructural imhomogeneity of friction stirred specimens can be observed from the microhardness profiles along the cross section of the stirred specimen, however, from the parent plate to stir zone, the microhardness profiles shows little difference as represented in Fig. 5 . Nevertheless, it should be noted that even slight variations in microhardness can cause significant changes in fracture resistance. Consequently, in the following tensile test, in order to eliminate the influence of advancing or retreating microstructure, specimens should be cut from the friction stir zone as indicated in Fig. 2 . It is clear that friction stirred specimens displayed improvement in tensile properties, and this can be easily proven by comparing the results shown on Table 2 which particularly reveals that the grain refinement is very effective in enhancing elongation. According to the microstructural feature, the tensile elongation tends to increase as the microstructure is refined in the FSP, which should be correlated with dynamic recrystallization phenomenon. Figure 6 shows TEM images of the specimens (2.5 Mg and FSP-M) with and without performing FSP, and the image of the specimen with performing FSP reveals that the density of dislocation was slightly increased, which corresponded to the slight increase of yield strength as indicated in Table 2 . On the other hand, with the friction stir processing, the elongation data displayed improving tendency. vibration cycles increase until a maximum is reached. Stage II: the deflection decreases from the peak point as the vibration cycles increase further. Figure 7 (a) shows that these D-N curves of all test specimens were recorded under an identical acceleration (g ¼ 1:1). In the Stage I, the initial ascending deflection is strongly dependent on Mg content, and as the Mg content increases, the duration of ascending deflection tends to As shown quantitatively in Fig. 8 , friction stirred specimens possess longer duration of stage I as the Mg content decreases, and the duration of stage I of D-N curve decreases distinctly until the Mg content is up to 2.5%. It is reasonable to suggest that each duration of stage I is locus of strain hardening behavior during the vibration test. As shown in Fig. 9 , after a certain number of vibration cycles, the microhardness in the vicinity of crack path is enlarged as the Mg content increases.
Results

Microstructural feature, microhardness profile and tensile properties
The effect of Mg content on vibration fracture resistance can also be examined by observing the fracture path. Figure 10 shows the vibration fracture pattern: all specimens commonly demonstrate flat feature, which is closely related to the Mg content and microstructure. This pattern can also be easily proven by comparing the result of SEM. Figure 10 (c) of FSP-L shows the evidence of more slip bands being in the vicinity of fracture path.
The observation of crack propagation features
under resonant vibration As shown in Fig. 11 , from the optical microscope, significant differences in the crack propagation behavior of friction stirred specimens contained different weight percentages of Mg content are observed. Compared with Fig. 10 As illustrated in Figs. 7 and 11, the effect of Mg content on vibration fracture resistance should be correlated with the evolution of microstructural feature and the result of solid solution strengthening. Figures 11(a) and (b) reveal that the specimens with higher weight percentages of Mg content display only few slip bands in the vicinity of stir zone. The SEM evidence are shown in Figs. 12(a) and (b) . Moreover, as shown in the Fig. 13(b) , a few portion of crack propagation path actually passed through the grain boundary as the Mg content increased, and this plays an important role in reducing vibration fracture resistance of FSP-H. On FSP-L, as shown in Fig. 11(c) , a fair amount of slip bands in the vicinity of main crack can be observed, so does the significant improvement of vibration fracture resistance accompanied with longer duration of stage I of D-N curves. On the other hand, the results shown in Fig. 7 can be further compared with the specimen of 2.5 Mg without performing FSP. Consequently, it is clear that the effect of grain refinement through FSP on vibration fracture resistance is comparatively smaller than the effect of various weight percentages of Mg content.
Discussion
It has been studied that the effects of Mg content on microstructural evolution and mechanical properties are related to the microstructural feature, uniform elongation and vibration fracture resistance. 11) In addition, referring to FSW process, previous reports also suggest that those fine equiaxed grains at stir zone are the consequence of dynamic recrystallization during the stirring process of the material. In general, after grain nucleation, there is a possibility that the dynamically recrystallized grains will experience grain growth as the stirring operation continues or the rotation speed increases. 5, 12, 13) According to the previous report as mentioned above, 11) the effects of grain size and Mg content on the tensile properties of hot-rolled and annealed Al-Mg alloy are that the proof stress tends to increase as Mg content increases, and so does the uniform elongation. Although refining the average grain size can actually improve the proof stress, a significant deterioration of uniform elongation can still be recognized. 14) Nevertheless, from Table 2 , it should be noted the effect of average grain size on uniform elongation data of friction stirred samples does not follow abovementioned tendency though the average grain size was significantly refined by FSP. It is reasonable to suggest that the improvement of uniform elongation is not only affected by grain size, but also other microstructural characteristics such as textural difference resulted from high temperature deformation and dynamic recrystallization. The effect of microstructural characteristics should be further examined.
From the vibration fracture behavior as mentioned above, the feature of D-N curves (deflection amplitude vs. number of vibration cycles) can be generalized into two stages as indicated in Figs. 7(a) and (b): working hardening and main crack formation. The increase of work hardening can raise the effective elastic modulus, and the deflection amplitude then increases because the damping capacity of the specimen reduces.
15) The work hardening stage is designated as stage I. The vibration fracture resistance is strongly dependent on the duration of stage I. As the vibration cycles prolong, there is a drastic decrease of deflection amplitude designated as stage II. This is resulted from the deviation of the actual vibration frequency from the resonant frequency and the inward propagation of major crack. 16) Many previous reports 17, 18) have pointed out that the distinct dislocation cell structure is often occurred in the deformed Al-Mg alloys. This implies that the cross slip phenomenon will frequently occur during deformation process. In general, the cross slip phenomenon can be easier observed in Al-Mg alloys because of Al-Mg alloys' higher stacking fault energy. 17) Usually, the stacking fault energy tends to decrease as the Mg content increases, which causes more difficulties for cross slip. This can be proven by evidences shown in Fig. 11 . Figure 11 shows that the formation of dislocation cell structure might be suppressed. 18) From experimented result shown in Figs. 11(a), (b) and (c), it is reasonable to suggest that the increase of work hardening rate of Al-Mg alloy in this study is possibly attributable to these above-mentioned factors. Therefore, the correlation between duration of stage I and the work hardening behavior can be identified.
The effect of Mg content on vibration fracture behavior is shown in Figs. 11 and 12 . There are significant differences in crack propagation that can be quantitatively compared by the crack tortuosity data. From the D-N curves shown in Fig. 7(b) , it should be noted that the duration of stage I tends to prolong as the Mg content decreases. This phenomenon can be further compared with the 2.5 Mg sample mentioned in the previous section. The correlation between Mg content and vibration cycle numbers is shown in Fig. 8 . The duration of stage I represents work hardening behavior. The FSP-L possesses the longest period of stage I, which is related to the lower n value shown in Table 2 . It is reasonable then to suggest that the work hardening behavior plays an important role in vibration fracture resistance of AlMg alloys. Particularly, based on the observations of crack propagation behavior, the solid solute Mg is found to be one of the dominant factors to crack propagation behavior during the microstructural evolution of friction stirred samples.
The effects of microstructural differences on crack propagation paths are examined by an optical microscope equipped with an image analyzer. All specimens are polished on the surface with 0.3 mm Al 2 O 3 , so the cracking path through the microstructure can be directly observed. Consequently, as shown in Fig. 14 , a quantitative data of crack tortuosity is determined by the method. The crack tortuosity value can be then defined as the main crack length divided by the projected crack length along notch direction (the projected crack length is designated as the dotted line in Fig. 14) . The projected crack length is parallel to the tip direction of the two V-notches (i.e., the notch on the stir zone is indicated in Fig. 3(a) ). In this study, specimens' tortuosity of the main crack were calculated respectively (Table 3) . As to the vibration fracture resistance, the crack propagation behavior will be influenced by microstructural variation as the Mg content increases due to the presence of phase. 19) This can be correlated with the occurrence of intergranular crack path shown in Fig. 13(b) . These observations agree well with the variation of crack of tortuosity, as indicated in Table 3 . As the Mg content increases, the specimen with smaller crack tortuosity value will have shorter duration of stage I. But, after the FSP, the effect of grain size on vibration fracture resistance still cannot be verified in this study. More detailed examinations are needed.
Conclusions
According to the experimental results discussed in the previous sections, the following conclusions can be drawn:
(1) The tensile deformation resistance and uniform elongation commonly tend to increase as performed the FSP on Al-Mg alloy. Particularly, the elongation can be significantly improved as the microstructure is refined by dynamic recrystallization phenomenon in the friction stir processing. 
